p21 Waf1/Cip1/Sdi1 was originally identified as an inhibitor of cyclin-dependent kinases, a mediator of p53 in growth suppression and a marker of cellular senescence. p21 is required for proper cell cycle progression and plays a role in cell death, DNA repair, senescence and aging, and induced pluripotent stem cell reprogramming. Although transcriptional regulation is considered to be the initial control point for p21 expression, there is growing evidence that post-transcriptional and post-translational regulations play a critical role in p21 expression and activity. This review will briefly discuss the activity of p21 and focus on current knowledge of the determinants that control p21 transcription, mRNA stability and translation, and protein stability and activity.
Introduction
Deregulated cell proliferation is a hallmark of carcinogenesis [1] . To develop cancer therapeutic strategies, intensive studies have been carried out to identify key factors regulating the cell cycle in the past two decades. Cell cycle progression is controlled by a set of cyclin-dependent kinases (CDKs), which are activated by their associated cyclins, but inhibited by two classes of CDK inhibitors. One group is the INK4 family, including p16 INK4a , p15 INK4b , p18 INK4c , and p19 INK4d , which specifically target CDK4 and CDK6 (Reviewed in [2] [3] ). Another group is the CIP/KIP family, including p21 Cip , p27 Kip1 , and p57 Kip2 , which inhibit a broad spectrum of CDKs (Reviewed in [2] [3] ). p21, also named as Cip1, Waf1, Sdi1, and Cap20 [4] [5] [6] [7] [8] [9] , was discovered as a component of a quaternary complex consisting of cyclin D1, a CDK, the proliferating cell nuclear antigen (PCNA), and p21 in normal human fibroblasts [6] . Later studies found that p21 also associates with cyclin E-CDK2, cyclin A-CDK2, and cyclin B-CDK1 complexes, and has a universal inhibitory activity towards these CDKs [4, [7] [8] 10] . In addition, p21 is a direct target of p53 tumor suppressor, and mediates p53-dependent cell cycle arrest in response to DNA damage [5] . When p21 was identified, the mechanism by which p53 suppresses cell growth was unclear. Therefore, the study provided first direct evidence that p53 exerts its activity through its downstream target genes. Consistent with the activity of p21 in growth suppression, p21 knockout mice are prone to accelerated tumor formation in response to genetoxic stresses, but the susceptibility to spontaneous tumors is delayed and mild [11] [12] [13] [14] . However, p21 is more than an inhibitor of CDK. Indeed, p21 is implicated in cell death, DNA repair, cellular senescence, and aging [15] [16] [17] . Recent studies showed that p21 is found to be a barrier in reprogramming of induced pluripotent stem (iPS) cells [18] . Thus, the biological functions of p21 are far more complex than what we thought. As such a critical regulator of the cell cycle, p21 expression and activity are found to be tightly regulated by multiple mechanisms. In this review, we will discuss what is currently known about some of the key determinants in controlling p21 transcription and protein stability. We will also discuss the regulation of p21 by miRNA and RNA-binding proteins (RBMs), which has not been reviewed. The general information covering the function of p21 can be found in several recent reviews [19] [20] [21] .
The biological functions of p21

p21 in cell cycle
P21 is accumulated in normal human fibroblasts arrested in G 0 , whereas depletion of p21 expression by anti-sense RNA promotes cell cycle reentry and DNA synthesis [22] . Thus, p21 is a negative regulator that maintains cells in G 0 when the condition for cell cycle progression is not optimal [23] . Upon exposure to growth stimuli, a series of CDKs, including CDK4, CDK6, and CDK2, are sequentially activated during the cell cycle. In the late G 1 , phosphorylation of the retinoblastoma protein (pRb) is found to be essential for G 1 / S transition. pRb phosphorylation is initiated by cyclin D-CDK4/6 and phosphorylated pRb is separated from E2F transcription factors which transactivate genes necessary for the G 1 /S transition and S-phase, including cyclin E [24] . Activation of cyclin E-CDK2 complex further phosphorylates and completely releases pRb from interacting with E2Fs. However, association of p21 with cyclin D-CDK4/6 inhibits pRb phosphorylation and induces cell cycle arrest in G 1 (Fig. 1) . p21 also associates with and inactivates E2F, leading to cell cycle arrest and cellular senescence [25] . During S phase, PCNA, which is expressed as a ringshaped trimeric complex, is necessary for the formation of DNA replication complex by interacting with replicative DNA polymerase δ (polδ) and replication factor C (RFC) [26] [27] . However, the p21 binding site in PCNA overlaps with the polδ-and RFC-interaction sites [28] , and therefore the association with p21 blocks the ability of PCNA to activate polδ, leading to DNA replication block and intra-S arrest [29] [30] .
Upon exposure to γ-irradiation, cells deficient in p53 or p21 progress into mitosis but fail to undergo cytokinesis [31] . In addition, p21 inhibits both cyclin B1-Cdk1 and cyclin ACdk1/2 complexes, leading to permanent cell cycle exit in G 2 in normal human fibroblasts [32] . Consistent with this, overexpression of p21 is capable of inducing both G 1 and G 2 -arrest, and p21-induced G 2 arrest appears to be more prominent in pRb-null cells [33] . Cyclin B-CDK1 complex, which phosphorylates and inhibits protein phosphatase Cdc25C, is a key regulatory factor for mitotic entry [34] [35] . p21 cooperates with 14-3-3σ, a p53 target which normally sequesters cyclinB1-CDK1 complex in the cytoplasm, to control the G 2 /M transition [36] . Thus, p21 directly or indirectly maintains the G 2 /M checkpoint.
P21 is also present in active cyclin D/Cdk4 complexes [37] . MEFs lacking p21 and p27 fail to properly assemble cyclin D-Cdk complexes [38] . In fact, p21 stabilizes and promotes active cyclin-Cdk complex formation in a dose-dependent manner [14, [39] [40] [41] . This suggests that p21 is not solely a cyclin-Cdk inhibitor, and a certain amount of p21 is required for normal cell cycle progression.
p21 in cell death
In response to stress signals, p53 is capable of inducing cell cycle arrest and cell death. However, how the cell fate is determined is unclear. It is postulated that the cell type, the strength and type of the insults, and p53 target genes, including p21, control the biological outcome induced by activated p53 [42] . Indeed, it has been shown that Myc represses p53-dependent transcription of p21, and loss of p21 induction leads to p53-dependent apoptosis [43] . Upon DNA damage, caspase-3-mediated cleavage of p21 protein converts cancer cells from growth arrest to apoptosis [44] . Consistent with this, reports showed that cytoplasmic p21 inhibits apoptosis in response to multiple pro-apoptotic stress signals (Fig. 1) . For examples, cytoplasmic p21 forms a complex with the apoptosis signal-regulating kinase 1 (ASK1) and inhibits activation of ASK1 and its substrate SAPK/JNK in the MAP kinase cascade [45] . In addition, Akt1/PKB enhances the stability and cytoplasmic localization of p21 and promotes cell survival by phosphorylation of p21 [46] [47] . Moreover, several reports showed that p21 inhibits Fas-induced apoptosis by interacting with and then inhibiting the activity of caspase-3, which is dependent on p21 phosphorylation by protein kinase A (PKA) [48] [49] [50] . Furthermore, p21 acts as a mediator of the antiapoptotic effect of TNFα-induced NF-κB in Ewing tumor cells [51] , and the switch from cell cycle arrest to apoptosis induced by TGF-β is dependent on caspase-3-mediated p21 degradation [52] . Conversely, induction of p21 is correlated with resistance to TGF-β-mediated apoptosis [51] . In contrast, p21 also promotes apoptosis in some cases [53] . Ectopic expression of p21 induces an array of genes, which trigger p53-independent apoptosis in human ovarian cancer cell lines [54] . In addition, Stat1 and p21, but not p53, are essential for oxysterol-induced apoptosis [55] . Moreover, expression of p21 along with HPV E7 protein in U2OS cells induces apoptosis by induction of cathepsin B, a mediator of apoptosis, but not activation of caspases [56] . Therefore, p21 may have pro-or anti-apoptotic functions in cell context-and stress-dependent manners. Nevertheless, the mechanism by which p21 induces either cell cycle arrest or cell death needs to be further explored in physiological systems.
p21 in DNA repair
PCNA is required for several DNA repair processes, including nucleotide excision repair (NER), base excision repair (BER), mismatch repair (MMR), and translesion DNA synthesis (TLS) [57] [58] [59] . As a binding partner of PCNA, p21 plays a role in these DNA repair processes. PCNA is required for MMR through binding to MLH1 and MLH2. However, this activity is inhibited by p21 or a p21 peptide containing the PCNA binding domain [60] . In addition, p21 inhibits long patch BER by inhibiting PCNA-directed stimulation of flap endonuclease 1 (FEN1), DNA ligase I, and polδ [61] . However, the role of p21 in NER is still uncertain. Studies showed that cells lacking p21 are not defective in NER in response to UV irradiation [62] , and p21 does not inhibit NER in in vitro systems [29, [63] [64] . A recent study showed that a p21 peptide containing the PCNA binding domain blocks both DNA replication and NER [65] . In addition, p21 expression is suppressed by DDB2, a protein involved in NER, whereas deletion or knockdown of p21 reverses NER-deficiency in DDB2-null cells [66] . Unlike most DNA damage stresses which induce p21 expression, UV irradiation triggers p21 proteolysis, which may be related with TLS (Reviewed in [58] ). Indeed, a p21 peptide containing the PCNA-binding domain inhibits the assembly of the TLS polymerase, polη, with PCNA, whereas UV-induced degradation of p21 is correlated with efficient TLS [64] . Interestingly, it has been reported that upon exposure to UV irradiation, a p21 peptide containing the CDK-binding domain is able to promote ubiquitindependent degradation of PCNA [67] , and conversely, p21 is degraded by DDB1 in a PCNA-dependent manner [68] [69] [70] . Taken together, these reports suggest that p21 functions as a general inhibitor of various DNA repair pathways by disrupting PCNA interaction with DNA repair molecules as well as promoting PCNA degradation.
p21 in senescence and aging
Cellular senescence, one of the hallmarks of aging, can be induced by telomere dysfunction, DNA damage, chromatin instability, and oncogene activation. Senescence is a permanent cell cycle arrest controlled by two major pathways, the p16-pRb pathway and the p53-p21 pathway. In fact, p21 is first identified as an overexpressed marker in senescent cells [9] and later found to be capable of inducing premature senescence in both normal and tumor cells in a p53-independent manner [71] [72] [73] . In addition, studies showed that p21 is upregulated during oncogenic Ras-induced cellular senescence [74] and inhibits Ras-induced transformation [75] [76] . Consistent with these observations, p21 levels are elevated in prematurely senescent fibroblasts from human or mice with premature aging syndromes [77] [78] . Recently, the role of p21 in senescence and aging was examined in several premature aging mice models, including TERC-, Ku80-, and ATM-null mice (Reviewed in [79] ). Loss of p21 in TERC-null mice with dysfunctional telomeres leads to improved stem cell function and increased lifespan without accelerating tumor formation [80] , a phenotype also observed in TERC-p53 double knockout mice [81] . However, Ku80/p21 double knockout does not extend mouse lifespan although p21-deficiency rescues premature senescence in Ku80-null MEFs [78] . Moreover, knockout of p21 diminishes early onset of senescence in ATM-null MEFs, and ATM-p21 double knockout mice do not exhibit obvious early aging phenotype compared to ATM-null mice [82] [83] [84] . Furthermore, depletion of p21 in ATM-null mice increases the tolerance to tumor formation, particularly lymphomas, due to increased apoptosis in lymphoid cells [82] [83] [84] . Therefore, p21 regulates premature aging in some genetic backgrounds.
p21 in iPS cell reprogramming
Recent reports showed that the p53-p21 pathway is involved in induced pluripotent stem (iPS) cell generation. iPS is described as the process of reprogramming differentiated cells to pluripotent cells, such as adult somatic cells. A combination of four reprogramming factors, Oct4/Pou5f1, Sox2, Klf4, and c-Myc, is sufficient to induce pluripotent stem cells from adult mouse or human fibroblasts [85] [86] [87] [88] . Successful reprogramming of differentiated human somatic cells into a pluripotent state would create patient-and disease-specific stem cells to investigate and provide cures for various diseases, such as Parkinson's disease, diabetes, and spinal cord injury [89] . However, the low efficiency and the tendency to induce malignant transformation compromise the clinical utility of this approach. It has been shown that p53 prevents the reprogramming of the cells carrying various types of DNA damage including uncapped telomere and DNA repair deficiencies, or exposed to extrinsic stresses [90] . Up to 10% MEFs lacking p53 become iPS cells even in the absence of c-Myc, and iPS cells can be generated from terminally differentiated T lymphocytes in which p53 is knocked out [91] . Moreover, knockdown of p53 or p21 in mouse embryo fibroblasts increases the reprogramming efficiency [91] [92] . Thus, it is likely that the p53-p21 pathway functions as a barrier in iPS cell generation. However, Silencing p53 allows efficient reprogramming in spite of the presence of damaged DNA, and as a result, such iPS cells would carry aberrant chromosomes [90] .
Transcriptional regulation of p21
The p21 gene is localized on chromosome 6p21.2 and produces a polypeptide with 164 amino acids [5] . Due to the presence of alternative promoters and splicing ( Fig. 2A) , the p21 gene produces a smaller protein p21B with 132 amino acids [93] and several other transcripts that still encode p21 protein [93] [94] [95] . In addition, a novel p21 isoform is detected in canine cells [96] . However, it remains unclear whether the canine isoform is due to unique amino acid sequence or post-translational modifications. p53 regulates gene expression by directly binding to a p53-responsive element (p53-RE) in the target gene [5] . Indeed, the p21 promoter contains two highly conserved p53-responsive elements (p53-RE) (Fig. 2B) . In addition, a p53-RE is found in the P2 promoter of the p21 gene, through which p53 activates p21B transcription. Moreover, two p53 homologues, p63 and p73, transactivate p21 and p21B through binding to the p53-REs [97] . Since p53 is a sensor for various extrinsic stresses, including DNA damage and oxidative stress, these stress signals transcriptionally upregulate p21 via p53. Similarly, intrinsic and oncogenic stresses regulate p53 activity and subsequently p21 expression (reviewed in [98] ). Furthermore, p53 is assisted and/or recruited by other cellular factors to regulate p21 expression. For examples, BRCA1 functions as p53-coactivator to activate the p21 promoter by recruiting p300/CBP, which in turn acetylates and stabilizes p53 [99] [100] . In response to DNA damage, the prolyl isomerase Pin1 interacts with p53 and converts the cis and trans conformations of Ser-Pro motifs to facilitates p53 phosphorylation at Ser-33 and -46 [101] [102] [103] . As a result, enhanced p53 phosphorylation at Ser-33 and -46 leads to p53 activation and subsequent induction of p21 [101] . Consistent with this, Pin1 knockout MEFs are defective in p53 and p21 upregulation in response to DNA damage [101] . Similarly, GADD34, a member of growth arrest and DNA damage-inducible proteins, is able to induce p21 expression via enhancing p53 phosphorylation at Ser-15 [104] . The tumor suppressor LKB1, a serine/threonine kinase which associates with and phosphorylates p53 at Ser-15 and -392, promotes cell cycle arrest in G 1 through p21 [105] . Moreover, cell division autoantigen 1 (CDA1) stabilizes p53 by inhibiting MDM2, an E3 ligase that ubiquitylates p53 and promotes p53 degradation, and hence transactivates p21 [106] . The monocytic leukemia zinc finger (MOZ), a MYST-type HAT, induces p21 transcription by interacting with p53 and acetylating histone on the p21 promoter [107] . Furthermore, NORE1A, a proapoptotic Ras effector, induces cell cycle arrest via p21 by promoting the nuclear localization of p53 [108] .
In addition to p53, several transcription factors also activate p21 expression in a p53-independent manner. Indeed, DNA-binding elements for several transcription factors are present in the proximal p21 promoter, including six Sp1/Sp3 binding sites (Fig. 2B) . These responsive elements are utilized to regulate p21 expression in response to various stimuli and stress signals, including NGF, butyrate, phorbol myristate acetate (PMA), and TGF-β (Reviewed in [98] ). Studies showed that Sp1 and Sp3 activate p21 expression during differentiation in Caco-2 cells [109] . Sp1 also plays a role in DNA repair, cell growth, differentiation, and apoptosis by interacting with p53 to regulation p21 expression [110] . In addition, cGMP-dependent protein kinase G (PKG) activates several tumor suppressor proteins, such as p21 and p27 [111] , by regulating Sp1 phosphorylation and transcriptional activity [111] . Moreover, the Rb protein is able to induce p21 through Sp1/Sp3 sites in epithelial cells [112] , and overexpression of integrin β1 subunit upregulates p21 transcription by enhancing the recruitment of Sp1 to the p21 promoter [113] . Paradoxically, it has been reported that Sp1 inhibits proliferation and induces apoptosis in vascular smooth muscle cells by repressing p21 transcription and disrupting cyclinD1-CDK-p21 complex [114] . Therefore, regulation of p21 by Sp1 can be cell type-specific.
As a critical regulator of the cell cycle, it is not surprising that p21 is an effector of cancer therapeutic drugs, such as chemotherapeutic DNA damage agents and histone deacetylase (HDAC) inhibitors. Since DNA damage-induced p21 expression is mainly through the p53 pathway, thus we will discuss how HDAC inhibitors regulate p21 expression. Studies showed that HDAC inhibitors have anti-tumor effects by inducing cell cycle arrest, cellular senescence, and apoptosis [115] . HDACs regulate gene transcription by deacetylating histones and non-histone proteins such as transcription factors [116] . Previous studies have shown that several HDAC inhibitors strongly activate p21 expression either through enhancing histone acetylation on the p21 promoter or through the Sp1/Sp3 sites on the p21 promoter by releasing HDAC repressors (Reviewed in [117] ). Indeed, treatment with HDAC inhibitor SAHA alters p21 expression by several mechanisms, including decreased HDAC1 activity, increased binding of RNA polymerase II to the p21 promoter [118] , release of HDAC4 from the p21 promoter, and accelerated accumulation of acetylated H3 and H4 throughout the p21 promoter [119] [120] . Similarly, HDAC inhibitor trichostatin A (TSA) can elevate H3 and H4 acetylation and p21 expression [116] . However, apicidin, another HDAC inhibitor, has been shown to induce p21 expression via promoting translocation of PKC from cytoplasm to nucleus, which is independent of histone acetylation [121] . Thus, although HDAC inhibitors have similar effect on histone remodeling, they utilize different mechanisms to regulated p21 expression. P21 expression can be transcriptionally repressed by some factors [122] . One of the wellknown factors is c-Myc, a bHLH transcription factor. Ectopic expression of c-Myc alleviates G 1 cell cycle arrest by repressing p21 expression via sequestering Sp1 from the p21 promoter [123] . In addition, c-Myc associates with and inhibits Miz1, an initiator (Inr) sequence binding factor that can activate p21 expression during hematopoietic cell differentiation [124] . Moreover, c-Myc is capable of attenuating anti-estrogen-induced cell cycle arrest by repressing p21 [125] . Furthermore, c-Myc represses p21 expression via AP4, a bHLH-LZ transcription factor [126] . However, c-Myc also activates p21 transcription through p19 ARF in a p53-dependent manner [127] . p19 ARF stabilizes p53 by inhibiting MDM2 activity. Thus, p21 may play two opposing roles upon c-Myc activation. ID1, a bHLH transcription factor that lacks a DNA binding domain, is upregulated in multiple cancers and represses p21 expression to promote cell cycle progression [128] . Recently, we showed that an alternatively spliced isoform of ID1, ID1′, potently inhibits p21 expression [129] . Zbtb4, a POZ domain partner protein of Miz1 which is found to be downregulated in high grade neuroblastoma and other solid tumors, inhibits p21 expression by forming a heterodimer with Miz1 [130] . FBI-1, a proto-oncogene and a member of the POK family of transcription repressors, inhibits p21 expression by competing with Sp1 and p53 to bind to the p21 promoter [131] . CTIP2, a COUP-TF-interacting protein, is recruited to the Sp1 sites of the p21 promoter and inhibits p21 expression through interaction with HDACs and lysine methyltransferases [132] .
In addition to the p53-RE, Sp1/Sp3 sites, and E-boxes, several other sites in the p21 promoter are targeted by various factors to regulate p21 expression (Fig. 2B) . CUT, a homeodomain transcription factor, represses p21 expression via binding to a sequence that overlaps with the TATA box [133] . FOXP3, an X-linked tumor suppressor, is found to induce p21 expression via inhibiting the association of HDAC2 and HDAC4 to a site within intron 1 and thus increasing the local histone H3 acetylation [134] . Moreover, retinoid X receptor activates p21 expression through binding to two consensus retinoid X responsive elements in the p21 promoter [135] . Taken together, a large number of transcription factors are involved in p21 expression in response to intrinsic and extrinsic signals.
In general, transcriptional activators facilitate the assembly of transcriptionally competent initiation complexes and thus promote transcriptional initiation [136] . Interestingly, p21 expression is also regulated by transcriptional elongation. When cells are blocked in S phase, p53-dependent p21 mRNA elongation is ablated through dephosphorylation of RNA polymerase II (RNAP II) [137] . Chk1 is responsible for inhibiting p21 transcriptional elongation by disassembling elongation factors, such as DSIF (DRB sensitivity-inducing factor), CstF-64, and CPSF-100 [138] . In addition, other study showed that p53-dependent activation of p21 occurs through RNAP II phosphorylation and recruitment of the transcriptional elongation factors DSIF, P-TEFb (positive transcription elongation factor b), and FACT (faciliates chromatin transcription) to the downstream end of the p21 locus [139] . -transcriptional regulation of p21 mRNA 
Post
miRNA-mediated regulation of p21
miRNAs, a group of noncoding RNAs of ~22 nt long, regulate gene expression at the posttranscriptional level [140] . By binding to the 5′-and/or 3′-untranslated regions (UTRs) of a mRNA, miRNAs control the translational efficiency and stability of the target mRNA [141] . Recent miR Base (Release 14) annotates 1043 miRNA loci on the human genome [142] and approximately 30% of all human coding genes are regulated by miRNAs [143] . A number of miRNAs have been implicated in human pathologies, such as cancer, neurodegenerative disorders, and metabolic diseases [144] [145] [146] [147] . miR-17-92, miR-106a-363, and miR-106b-25 clusters have been extensively investigated and were showed to down-regulate p21 expression (Fig. 3A) . These miRNAs have identical nucleotide sequence within the seed region (Fig. 3B) . Several reports showed that p21 is directly down-regulated by miR-17, miR-20a, miR-20b, miR-93, miR-106a, and miR-106b through binding to p21 3′-UTR [148] [149] [150] [151] [152] . As a result, overexpression of these miRNAs leads to increased cell proliferation and accelerated G 1 /S transition [148] [149] [150] 153] . In contrast, let-7a miRNA was found to increase p21 expression by targeting NIRF (Np95 ICBP90 ring finger) [154] , but how NIRF controls p21 expression is not fully understood. Let-7a miRNA was originally found to modulate several transcription factors and regulate the temporal development in C. elegans [155] [156] . Furthermore, several miRNAs were found to regulate p53 expression and consequently p21 expression. For example, miR-125a and miR-125b were found to repress p53 expression via binding to p53 3′-UTR, which leads to decreased levels of p21 [157] [158] . Conversely, miR-29 family members upregulate p53 by targeting p85a and CDC42, and subsequently p21 expression [159] .
RNA-binding protein (RBP)-mediated regulation of p21
mRNA stability is a critical rate-limiting step in gene regulation, including p21 expression [160] . Most RNA-binding proteins which regulate p21 expression control p21 mRNA stability (Fig. 4) . The first RBP found to regulate p21 mRNA stability is HuD [161] . HuD belongs to the Elav-like protein family, consisting of HuB (Hel-N1), HuC, HuD, and HuR [162] [163] [164] [165] [166] [167] . The Elav-like RBPs contain three RNA recognition motifs (RRM) [168] . These proteins specifically bind to AU-rich elements (AREs) in the 3′-UTR of mRNAs, including p21, and increase their stability [165] [166] [169] [170] [171] [172] [173] [174] . HuR is predominantly a nuclear protein. In response to UV irradiation, treatment with prostaglandin A 2 (PGA 2 ), and accumulation of p16 INK4a , HuR is translocated from the nucleus to the cytoplasm wherein HuR binds to and stabilizes p21 mRNA [173, [175] [176] .
In addition to the Elav/Hu family of RNA-binding motif (RBM) proteins, RBM38 (also called RNPC1), a target of p53, is found to regulate p21 expression via stabilization of p21 mRNA in response to DNA damage [177] . Another study showed that RBM38 is highly expressed in muscle and regulates myogenesis by regulating p21 expression [178] . More recently, we showed that RBM38 and HuR, both of which can bind AU-rich elements (AREs) in p21 3'UTR, physically interact and preferentially bind the upstream and downstream AREs in p21 3'UTR, respectively [179] . In addition, we found that the RNAbinding activity of HuR to p21 transcript can be enhanced by RBM38 and the ability of RBM38 to regulate p21 mRNA stability is dependent on HuR [179] . RBM42, a binding partner of hnRNP K, coordinates with hnRNP K in the maintenance of cellular ATP level under stress conditions by blocking p21 mRNA degradation [180] . Musashi-1 (Msi-1), an evolutionary conserved RBM protein containing two RRMs, can bind to p21 3′-UTR and subsequently repress p21 translation [181] . As a result, MSI-1 is involved in the maintenance of stem cell state at least in part by repressing p21 translation [182] . Interestingly, CUGBP1 (CUG-binding protein 1) and calreticulin are found to regulate p21 translation by binding to the same region in p21 5′-UTR [183] . CUGBP1 competes with calreticulin to bind p21 5′-UTR and attenuates calreticultin-mediated translational repression of p21.
The PCBP family of RBPs contains three KH domains and is capable of binding poly(C) DNA and RNA sequences [184] [185] . The first report by Giles et al. showed that poly(C)-binding protein 1 (PCBP1/CP1/hnRNP E1) binds to multiple elements in p21 3′-UTR and increases the stability of p21 mRNA upon treatment with epidermal growth factor (EGF) [186] . A recent study showed that co-depletion of PCBP1 and PCBP2 stabilizes p21 mRNA in a p53-independent manner, implying that p21 mRNA is destabilized by PCBPs [187] . Similarly, hnRNP K binds to the CU-rich elements in p21 3′-UTR and represses p21 translation [174] , whereas AUF1 (hnRNP D) binds to p21 3′-UTR and decreases p21 mRNA stability [188] . These studies clearly indicated that PCBPs play a role in p21 expression via mRNA stability. However, further validation in a physiologically relevant condition is still needed.
NF90, a component of the splicesome which contains double stranded RNA binding motifs, is predominantly localized in the nucleus. Like HuR, NF90 is translocated from the nucleus to the cytoplasm and stabilizes p21 mRNA via binding to p21 3′-UTR [189] . Human T cell lymphotrophic virus type 1 (HTLV-1) encodes Tax, a 40 kDa transcription activator which is required for viral replication and cell transformation [190] [191] . As a non-canonical RNAbinding protein, TAX regulates p21 transcription and mRNA stability at least in part via activation of APC/C (anaphase promoting complex/cyclosome) [192] .
Post-translational regulation of p21 protein
Phosphorylation of p21
Several serine and threonine residues in p21 are phosphorylated by various protein kinases (Fig. 5) . Among the sites is Thr-145, which is phosphorylated by Akt1/PKB, PKA, PKC, and Pim-1 [47, 49, [193] [194] [195] [196] [197] . Phosphorylation at Thr-145 regulates p21 translocation from the nucleus to the cytoplasm in breast tumor cells but not in endothelial cells [47, 193, [198] [199] [200] , suggesting that p21 translocation can be context-dependent. Interestingly, Ser-146 can be phosphorylated by the same set of kinases for Thr-145, including Akt1, Pim-1, and PKC [193] [194] [195] [197] [198] . Akt1-mediated phosphorylation at Ser-146 leads to p21 stabilization and enhanced tumor cell survival [193] . Overexpression of PKCζ or activation of endogenous PKCζ by PDK-1 phosphorylates p21 at Ser-146 and decreases the half life of p21 protein [195] . In contrast, the stability of p21 protein is increased by PKCδ-mediated phosphorylation at Ser-146 [194] . Thus, the effect of PKC-mediated phosphorylation at Ser-146 on p21 stability remains a matter of debate.
Thr-57 and Ser-130 in p21 protein are located in front of a proline residue, which constitute a consensus site for proline-directed protein kinases, such as the CDK family, the MAPK family, and the GSK family. Indeed, GSKβ phosphorylates Thr-57 and subsequently decreases p21 protein stability [201] . Cyclin E-Cdk2 phosphorylates p21 at Ser-130 and decreases p21 stability via the ubiquitin-dependent degradation [202] . JNK and p38 phosphorylate p21 at Ser-130 and increase p21 stability [203] . Other C-terminal residues (Ser-98, Ser-153 and Ser-160) were found to be phosphorylated, but their effect on p21 protein stability and activity has not been well defined [196, [204] [205] .
Ubiquitin-dependent and -independent degradation of p21
Ubiquitin-dependent proteasomal degradation plays a critical role in the cell cycle control at least in part via p21 proteolysis. p21 inhibits cell cycle transition through its association with cyclin-Cdk complexes and PCNA [202, [206] [207] [208] [209] . Several cell cycle-related E3 ligases, including SCF SKP2 , CRL4 CDT2 and APC/C CDC20 , target p21 for degradation at various stages of the cell cycle [69, 202, [209] [210] . Cdk2-mediated phosphorylation of p21 (Ser-130) has been detected at G 1 and S phase, and phosphorylated p21 can be degraded in a proteasome-dependent manner [202, [207] [208] , suggesting that there is a regulatory link between p21 phosphorylation and its proteasome-mediated degradation. Consistent with this, suppression of p21 ubiquitylation and phosphorylation leads to increased stability of p21 protein [211] [212] .
P21 is also found to be degraded in an ubiquitin-independent manner [213] [214] . First, like wild-type p21, lysine-less p21 mutant (p21K6R) has a short half life and rapidly degraded by proteasome [214] . Further supporting this idea is the observation that p21 can directly interact with C8 α-subunit of the 20S proteasome, which directs the initiation of ring formation and ubiquitin-independent 20S proteasome assembly [215] [216] [217] . Ras can stabilize p21 by promoting the formation of cyclin D1-p21 heterocomplex, which prevents p21 from 20S-proteasomal degradation [218] . Similarly, WISp39 specifically recruits Hsp90 to de novo synthesized p21 protein and subsequently prevents p21 from proteasomal degradation [219] . Interestingly, unlike conventional ubiquitin E3 ligase, Mdm2 promotes p21 turnover independent of its ubiquitin E3 ligase activity [220] [221] . These data indicate that p21 is subject to ubiquitin-dependent and -independent degradation, but how these two pathways coordinately regulate p21 stability remains to be determined.
Concluding remarks
p21 is well-known as a key regulator of the cell cycle as well as cell death, DNA repair, senescence, aging, and iPS. Importantly, p21 can exert either positive or negative activities toward a specific cellular response in a context-dependent manner, including the cell type and the source of stress signals. In the future, generation of conditional p21 knockout in a specific tissue or developmental stage may help to understand the importance of p21 loss/ stabilization in cancer and other disorders. Although many factors or mechanisms have been identified to regulate p21 expression, other factors yet to be identified may play a role and need to be further investigated. Moreover, studies are needed to examine how multiple pathways coordinately regulate p21 expression and its biological outcomes, which could provide a clue how to explore p21 for potential therapeutic applications. The role of p21 in cell survival and death. Under non-stressed conditions, p21 is expressed at low levels and promotes cell cycle progression. Under stress conditions, p21 expression is increased through p53-dependent and -independent pathways. Increased p21 interacts with and inhibits cyclin-CDKs activity. In most tumor cells, the cell cycle checkpoint function of p21 is lost due to p53 mutations. Akt1 phosphorylates and then stabilizes p21 protein for cell survival. P21 inhibits apoptosis by interacting with proapoptotic molecules such as caspase-3 and ASK1. Human p21 locus. (A) Schematic presentation of various known p21 transcripts. The position of the first nucleotide of p21 transcript (GenBank Accession # Z85996) in the genomic DNA is assigned as the start site of the p21 locus. p21 is the classical p21 Waf1/Cip1/Sdi1 transcript [5] . The alternate transcripts, p21 variant-2 , p21 alt-a , p21 alt-b , p21 alt-c , and p21 alt-a1 , are presented as reported previously [95] . p21B and p21C are also presented as reported previously [93] . Regulation of p21 by RNA-binding proteins (RBPs). Several groups of RBPs are found to regulate p21 expression. Alternative names are included in parentheses. These RBPs contain one or more RNA-binding motifs, including RNA recognition domain (RRM), hnRNP K homology domain (KH), arginine/glycine-rich box (RGG), and double stranded RNA binding motif (dsRBD). Phosphorylation sites in p21 protein. P21 has six well-defined functional domains, including two cyclin-binding domains (Cy1 and Cy2), a kinase-binding domain (CDK), a Helix motif (Helix), a PCNA-binding domain (PCNA), and a nuclear localization signal (NLS). P21 polypeptide contains 20 serine/threonine residues, seven of which are found to be phosphorylated by various protein kinases indicated at the top of the figure. Five other serine and threonine residues are potential phosphorylation sites (S31, T97, S114, S123, and S137) as predicted by NetPhos 2.0 program (Technical University of Denmark).
